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Effect of hypochloremia on loop segment chloride and solute reabsorp-
tion in the rat during volume expansion. Hypochioremia has been
associated by inference from clearance studies with disturbances in free
water reabsorption and renal renin release by a macula densa mecha-
nism. To examine directly these relationships, we studied chloride,
fluid, and solute transport in the ioop segment (LS) of rat superficial
nephrons by micropuncture techniques following acute volume expan-
sion with 0.15 M sodium chloride (CVE) or sodium bicarbonate (ByE).
Plasma renin activity was suppressed in group CVE but not in group
ByE. Blood pressure, plasma volume expansion, whole kidney GFR,
urinary sodium excretion, late proximal and early distal SNGFR, arid
fluid delivery to the LS were not different between groups CVE and
BVE despite different plasma chloride concentrations (102 S mEq/
liter for CVE vs. 74 3 for BVE; P < 0.001). Absolute LS chloride
reabsorption was less in BVE than it was in CVE (2030 120 pEq/min
vs. 2454 136; P < 0.025). This was associated with significantly lower
fractional and absolute LS solute reabsorption and higher early distal
tubule fluid osmolality. These data demonstrate directly and in vivo that
a decrease in chloride reabsorption in the LS of superficial nephrons is
associated with impaired solute reabsorption in that segment and a
failure to suppress plasma renin activity by sodium loading.
Effet de I'hypochloremie sur Ia reabsorption de chiore et de substances
dissoutes dans l'anse chez le rat au cours de l'expansion volemique. Des
etudes de clearance ont associé l'hypochlorémie a des désordres de Ia
reabsorption d'eau libre et a Ia liberation de rénine par un mdcanisme
impliquant Ia macula densa. Pour examiner directement ces relations
nous avons dtudié les transports de chlorure, d'eau et de substances
dissoutes dans l'anse (LS) de nephrons superficiels de rats par des
techniques de microponction a Ia suite d'une expansion volémique
aigué avec chlorure de sodium 0,15 M (CVE) ou bicarbonate de sodium
(BYE). L'activité rénine plasmatique a été supprimee dans Ic groupe
CVE mais pas dans le groupe ByE. La pression artérielle, l'expansion
du volume plasmatique, le debit de filtration glomCrulaire global,
l'excrétion urinaire de sodium, les debits de filtration glomerulaire
individuels mesurés dans le proximal tardif et le distal précoce et ie
debit de liquide a LS n'étaient pas différents entre les groupes CVE et
BVE malgré les differences de concentration de chlore plasmatique (1(12
5 mEq/litre pour CVE vs. 74 3 pour BVE; P < 0,001). L,a
reabsorption absolue de chlorure dans LS était inférieure dans le groupe
BYE (2030 120 pEq/min vs. 2454 136; P < 0,025). Ceci était associé
a une reabsorption absolue et fractionnelle de substances dissoutes
dans LS significativement inférieure et a une osmolalité du liquide
tubulaire distal significativement plus élevée. Ces résultats démontrent
directement et in vivo qu'une diminution de Ia reabsorption de chlorure
dans l'anse des néphrons superficiels est associée a une diminution de Ia
reabsorption de substances dissoutes dans ce segment et a l'impossibi-
lité de supprimer l'activité rénine plasmatique par Ia charge en sodiuiri.
kidney by Burg and Green [1] and Rocha and Kokko [2]. These
studies suggest that chloride reabsorption in the TALH is
necessary for urinary concentration and dilution. Subsequent
clearance studies in the rat [3, 4] demonstrated that free water
reabsorption is impaired during hypochloremia. We have sug-
gested also, from the results of metabolic balance and clearance
studies, that chloride reabsorption in the TALH and, presum-
ably, at the macula densa is the signal that mediates the
inhibition of renin release by sodium chloride loading [5, 6]. To
examine directly and in vivo the relationships between the
delivery of sodium with chloride as distinct from delivery with
other anions and solute reabsorption in LS of superficial
nephrons and renin release, we studied rats by micropuricture
techniques during changes in plasma anion composition effect-
ed by acute i.v. loading with either sodium chloride or sodium
bicarbonate.
Methods
Male Sprague-Dawley rats that weighed between 230 and 325
g were maintained on a regular diet and given free access to
water for 7 to 10 days prior to study. Animals were anesthetized
by i.p. injections of mactin (Promonta Gmbh, Hamburg, West
Germany) in a dose of 100 mg/kg of body wt. They were placed
on a heated animal table, and rectal temperature, monitored by
teletherometer (YS1 Corp., Yellow Springs, Ohio), was main-
tained between 36.5 and 38.0° C throughout the experiment.
Following tracheostomy, PE-50 polyethylene catheters were
introduced into the right jugular vein for inulin infusion and into
the left jugular vein for periodic injections of lissamine green
and the infusion of electrolyte solutions. A PE-50 polyethylene
catheter was introduced into the right femoral artery for blood
sampling and continuous blood pressure monitoring. This cath-
eter was connected to a model P23Dc strain gauge (Stathem
Laboratories Inc., Hato Rey, Puerto Rico) and the arterial
pressure recorded on a Grass Model 7D polygraph. A flanged
PE-50 polyethylene catheter was placed in the bladder through
a midline suprapubic incision. The left kidney was exposed
through a subcostal incision and gently separated from the
adrenal gland and perirenal fat. The kidney was placed on a
Active chloride transport in the thick ascending limb of the
loop of Henle (TALH) has been implicated as the primary
driving force in the countercurrent multiplication system of the
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plastic holder, and the left ureter cannulated with PE-50 poly-
ethylene tubing. The kidney was bathed with mineral oil and its
surface illuminated with a fiberoptic light source. An infusion of
0.15 M sodium bicarbonate and 5% polyfructosan (mutest,
Laevosan-Gesellschaft, Linz, Austria) was maintained through-
out the experiment at a rate of 1 ml/l00 g of body wt per hour.
Cortical surface convolutions of three latest proximal and three
earliest distal tubules were identified by observing the passage
of a 0.05-mi injection of 7.5% buffered lissamine green. Local-
ization of puncture sites by transit time has been shown to
correlate well with puncture sites identified by microdissection
[71. After a 30-mm equilibration period, arterial blood was
obtained for determination of hematocrit and plasma renin
activity (PRA). The animal was then infused over 1 hour with a
0.15-M solution of either sodium chloride or sodium bicarbonate
in a volume equal to 10% of the animal's body weight. After a
subsequent 15-mm equilibration period, tubule fluid samples
were obtained alternately from three proximal and three distal
tubules during a 1-hour clearance period. Fluid samples were
collected from each tubule selected with sharpened micropipets
with a tip O.D, of 8 to 12 .. A column of water-equilibrated
Sudan Black-stained paraffin oil was introduced into the lumen
and the rate of fluid collection adjusted to maintain the column
immediately distal to the puncture site. Collections either
occurred spontaneously or required slight suction; collections
that required excessive suction were discarded. Timed collec-
tions of tubule fluid were obtained for determination for flow
rate, inulin, and chloride concentrations and, for distal tubule
punctures, osmolality. Arterial plasma samples were obtained
every 20 mm during the 1-hour clearance period for determina-
tion of hematocrit and inulin and chloride concentrations.
Arterial blood was obtained for PRA at the midpoint of the
experimental period. This blood sample was replaced with 0.2
ml of 5% bovine serum albumin in 0.15 M sodium bicarbonate.
Urine samples were obtained under oil for determination of flow
rate, osmolality, and inulin, sodium, and chloride concentra-
tions.
Analytical techniques. Determinations of sodium were made
by flame photometery (model 143, Instrumentation Labora-
tories Inc., Morris Plains, New Jersey). Chloride concentra-
tions in plasma and urine were analyzed amperometrically
(Buchier Instrumentation Division, Nuclear Chicago Corp., Ft.
Lee, New Jersey). Osmolality in plasma and urine was deter-
mined with a Fiske model 130 osmometer. Tubule fluid volumes
were measured in constant bore glass tubing with a microslide
cathetometer (Gaertner Scientific, Chicago, Illinois). Tubule
fluid inulin concentrations were determined in triplicate by the
method of Vurek and Pegram [8]. Tubule fluid chloride concen-
tration was determined by electrometric titration according to
the second method of Ramsey, Brown, and Croghan [9].
Osmolality in distal tubule fluid was determined by freezing
point depression with a nanoliter osmometer (Clifton Technical
Physics, Hartford, New York). Plasma and urine inulin concen-
trations were determined by the Anthrone method [101.
Blood samples for PRA determination activity were immedi-
ately iced in sodium EDTA. PRA was determined by the
radioimmunoassay procedure of Haber et al 1111.
Analysis of data. Determination of inulin, sodium, chloride,
and osmolar concentrations in the blood and urine and urinary
flow rate permitted calculation of whole kidney glomerular
filtration rate (GFR), and urinary excretion of sodium, chloride,
and solute according to standard expressions.
Single nephron (SN) GFR, absolute and fractional reabsorp-
tions of fluid, chloride, and solute from the proximal and distal
tubules and the change in plasma volume were calculated as
previously described [121. A correction factor of 1.06 to plasma
chloride as suggested by Malnic et al [13] was applied to
estimate ultrafiltrate chloride concentration (UFc1).
Calculations of the net uptake of fluid, chloride, and solute
from the loop segment (LS) were made for each animal from the
proximal and distal tubule data obtained in that animal. Com-
plete data were obtained from at least one and no more than
three proximal and distal punctures in each animal. The term
loop segment as used here refers to that superficial cortical
nephron segment between the last surface convolution of the
proximal tubule and the earliest segment of the distal convolut-
ed tubule which are accessible to micropuncture. Because
introduction of the oil block used for proximal tubule fluid
collections may activate tubuloglomerular feedback and in-
crease artifactually SNGFR determined from proximal tubule
puncture [14], mean SNGFR's determined from distal puncture
sites were utilized in the calculation of LS functions.
Absolute LS fluid reabsorption (ALRF) (nI/mm) was calculat-
ed from the expression:
ALRF = [(SNGFRED) X (PITFIfl)Lpl — (VTF)ED
where SNGFR ED (nI/mm) was the mean determined from all early
distal tubule punctures and (P/TFIfl)Lp the mean determined
from all late proximal tubules in that animal. Tubule fluid flow
rates in the early distal tubule (VTF)ED (nl/min) were individual
values determined in the same animal.
Fractional LS fluid reabsorption (%) was calculated from the
expression:
FLRF = [ALRF/ (SNGFRED) (P/TFIfl)Lp] x 100
Absolute LS reabsorption of chloride (ALRc1) (pEq/min) and
absolute LS reabsorption of solute (ALR0sm) (pOsm/min) were
calculated from the expressions:
ALRc = [(SNGFRED) (UFa) (FPDc1)1 — (VTF X TFCI)ED
ALRosm = [(SNGFRED) (m) (P/TF1n)1J (VTF X TFOSm)ED
where ultrafiltrate of chloride (UP1), fractional proximal deliv-
ery of chloride (FPDc1), and (P/TFIfl)Lp are mean values deter-
mined from all late proximal tubule punctures in a single animal,
and the VTF, tubule fluid chloride (TFc1) (pEq/nl), and tubule
fluid osmolality (TF0sm) (pOsm/jig) all are individual values
determined from a single distal tubule puncture in the same
animal. Implicit in the calculation for LS reabsorption of solute
is the assumption that the proximal tubule reabsorption is
isoosmotic.
Fractional LS chloride reabsorption (FLRc) (%) and frac-
tional LS solute reabsorption (FLR0sm) (%) were calculated
from the expressions:
FLR1 = [ALRc1/ (SNGFRED) (UFc1) (FPDc1)J X 100
FLR0sm = [ALR0SH)/(SNGFRED) (Posm) (P/TFIfl)Lp] x 100
The percent change in plasma volume over the course of the
study was estimated from changes in the hematocrit as prev-
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Table 1. Summary of whole animal and experimental kidney data Table 2. Summary of late proximal tubule data"
Chloride-
expanded
group
(CVE)
Bicarbonate-
expanded
group (BVE) P
CVE BVE P
SNGFR, nI/mm 32.8 32,3
(22) (24)
TF/P1 1.48
(22)
1.50
(24)
Tubule fluid flow rate, nI/mm 23.7
(22)
21.2
(24)
TFc1, pEqini 135
(21)
105
(21)
TF/UF1 1.13
(21)
1.13
(21)
Absolute CI reabsorption, pEqlmmn 762
(21)
818
(21)
Fractional Cl reabsorption, % 0.20
(21)
0.23
(21)
Absolute Cl delivery, pEq/mnmn 3155
(21)
2204
(21)
Body wt, g 279 262
(9) (13)
Change in plasma volume, % 12.9
(9)
13.7
(II)
Blood pressure, mm Hg 122
(9)
113
(12)
Inulin clearance, ii.l/min 935
(9)
1098
(13)
Urine flow rate, IJ.//min 24
(9)
20
(13)
UN,, p.Eq/m/ 189
(8)
217
(13)
UN,V, pEq/min 4.2
(8)
4.6
(13)
Uc',, p.EqIml 233
(9)
19
(13)
U1V, p.EqI,'nin 5.4
(9)
0.5
(13)
U0, mOsm/kg 11,0 768
(9)
725
(13)
Solute excretion, 15.4 14.2
mosm/kgH2O/min
(9) (13)
PC!, mEqiliter 102
(9)
74
(13)
Po, m0sm/kgH2O 310
(9)
299
(12)
NS
NS
NS
0.05
NS
NS
NS
0.05
NS
NS
NS
NS
NS
NS
NS
< 0.001 Values are the means SEM. Values in parentheses denote the
number of observations. CVE is chloride-expanded group: ByE,
bicarbonate-expanded group.
< 0.001
NS ByE, 48.5 5.5 lJ.l/min) and free water reabsorptions (CVE,
25.5 4.1; BYE, 27.8 3.8 p.1/mm; P = NS) were not differ-
ent between groups.
NS Late proximal tubule (Table 2). There were no differences in
SNGFR, tubule fluid flow rate, TF/P inulin ratios, and absolute
<0.001 fluid reabsorption in the proximal tubule between groups CYE
and BYE. Although tubule fluid chlorideconcentration was less
in group BYE than in group CYE, TF/UF chloride ratios were
NS not different between the groups. Absolute and fractional
proximal chloride reabsorptions were also not different between
a Values are the means SEM. Values in parentheses denote the groups. As a consequence, absolute delivery of chloride out of
number of observations, the proximal tubule was less in BYE than it was in CYE
because of the reduced filtered load of chloride in group BYE.
Early distal tubule (Table 3). SNGFR, TF/P inulin, tubule
ously described [12]. The unpaired Student's t test was used to fluid flow rate, and absolute fluid reabsorption were not differ-
determine statistical significance between groups. The paired ent between groups. SNGFR's determined from proximal and
Student's t test was used to determine significance of the distal sites were also not different (P < NS) within either group.
change in PRA within each group. Tubule fluid chloride concentration and TF/UF chloride ratio
were less in group BYE than they were in group CVE. Absolute
and fractional chloride reabsorptions were not different be-
tween groups. Absolute delivery of chloride out of the early
Results distal tubule was less in group BYE than in group CYE. Tubule
Whole animal and experimental kidney. Mean arterial blood fluid osmolality and TF/P osmolality were greaterin group BYE
pressure (BP), inulin clearances, and urinary flow rates were than in group CYE.
not different between groups (Table I). The estimate of degree Loop segment (Fig. I). Absolute and fractional LS fluid
of plasma volume expansion was likewise not different. Urinary reabsorptions were not different between groups. Absolute but
sodium and solute concentrations and excretions were also not not fractional reabsorption of chloride was less (P < 0.025) in
different between groups. Both urinary chloride concentration group BYE than in group CYE. Both absolute and fractional LS
and excretion were less in group BVE than they were in group solute reabsorption were also less in group BYE than they were
CVE. Plasma chloride concentration was also less in group in group CVE (P < 0.05).
BYE than in group CYE. Plasma osmolalities were not different: Plasma renin activity (Fig. 2). Initial PRA's in group CYE
between groups, Plasma potassium concentrations were not. and group BYE were not different (P = NS). Infusion of
different between the groups (CYE, 5.0 0.6; BYE, 5.0 0.5 sodium chloride resulted in a decrease in PRA (12.8 5.0 to
mEq/liter; P = NS). Osmolar clearances (CVE, 49.5 9.1: 4.7 1.8 ng of angiotensin I/ml/hr; P < 0.05). PRA actually
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Table 3. Summary of early distal tubule dataa
CVE BVE P
SNGFR, n//mm 28.4 30.2
NS
(22) (22)
Tubule fluid flow rate, n//rn/n 10.1 11.4
NS
(22) (22)
TF/P1 2.92 3.19
NS
(22) (22)
Absolute fluid reabsorption, 18.4 20.1
mI/mm NS
(22) (22)
TF1, pEq/nl 40 22
<0.001
(22) (22)
TF/UF1 0.34 0.24
±0.02 <0.001
(22) (22)
Absolute Cl reabsorption, pEqimin 2964 2590
NS
(22) (22)
Fractional Cl reabsorption, % 0.88 0.91
±0.01 NS
(22) (22)
Absolute Cl delivery, pEqimin 409 259
0.01
(22) (22)
TFosm, mOsm/kgH2O 158 183
<0.02
(19) (12)
TF/Poam 0.48 0.60
<0.005
(19) (12)
a Values are the means SEM. Values in parentheses represent
number of observations. CVE is chloride-expanded group; ByE,
bicarbonate-expanded group.
increased during infusion of sodium bicarbonate (6.9 2.0 to
14.5 3.0; P < 0.05). The mean change in PRA was different
P < 0.001) between groups.
Discussion
These data show that, in the rat, the infusion of sodium
bicarbonate as compared to sodium chloride is associated with
a reduction of absolute but not fractional chloride reabsorption
in the loop segment (LS) of superficial nephrons despite the
delivery of similar amounts of fluid and, therefore, of sodium to
the LS. The decrease in chloride reabsorption in the loop
segment in animals infused with sodium bicarbonate was asso-
ciated both with lower absolute and fractional net solute
reabsorption in the LS and with higher osmolality in early distal
tubule fluid than was found in animals infused with sodium
chloride.
Because SNGFR's in both groups were similar, the lower
plasma chloride concentration in the rats infused with sodium
bicarbonate resulted in a lower filtered chloride load and,
because fractional chloride reabsorptions in the proximal con-
volution were also similar in both groups, there was a lower
absolute chloride delivery to the LS. As previously suggested
by Malnic et al and DuBose et al [13, 15], the major reason for
the reduction in absolute but maintained fractional chloride
Fig. 1. Comparison of absolute and fractionalfluid, chloride, and solute
reabsorptions in the ioop segment in chloride-expanded group () and
bicarbonate-expanded group (LI). The asterisk indicates a P value of <
0.05.
reabsorption in the animals infused with sodium bicarbonate is
likely to be this reduction in load to the LS. A similar load
dependence for sodium reabsorption in the LS has also been
shown [16, 171. Whether acute volume expansion alters frac-
tional chloride reabsorption in the LS remains controversial
[17], but the degree of volume expansion was not different
between groups.
The present study does not determine whether factors other
than chloride load lead to the observed decrease in absolute net
chloride reabsorption in the LS in the sodium bicarbonate-
infused group. Considerations include alterations in tubular
contact time, transepithelial chloride gradient and potential
difference, and chloride entry into the LS. Because tubule flow
rate both into and out of the LS as well as calculated fluid
uptakes within the LS did not differ between the groups,
contact time with the epithelium does not explain this decrease.
The transepithelial chloride gradient at the late proximal tubule
was similar in both groups but greater in the sodium bicarbon-
ate-infused group at the early distal tubule. It is possible,
therefore, that chloride reabsorption was diminished by a
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Fig. 2. Comparison of PRA before and after infusion of sodium chloride
or sodium bicarbonate. Mean PRA before and after volume expansion
is indicated by the brackets. The mean change in PRA is given for each
group. The asterisk indicates a P value of < 0.05. BVE indicates
bicarbonate-expanded group; CVE, chloride-expanded group.
limiting transepithelial chloride gradient [18]. The extent to
which solute enters the descending limb is controversial [19],
but it is possible that passive chloride entry in the segment may
also increase in sodium bicarbonate-infused rats and, thus,
explain a reduction in net chloride reabsorption in the LS.
The reduction in net chloride reabsorption in the LS was
associated with a reduction in net solute reabsorption, and,
therefore, in diluting capacity. The dependence of sodium
reabsorption on concomitant chloride transport has previously
been demonstrated in vitro in the isolated perfused rabbit thick
ascending limb of Henle (TALH) [1, 21. Isolated perfused
tubule studies by Burg et al have directly shown in vitro the
impermeance of bicarbonate in the rabbit TALH [201 and the
abolition of the transepithelial potential difference by substitu-
tion with sulfate, another impermeant anion 11]. In clearance
studies in the dog, Rosin et al have shown impaired diluting
ability after acetazolamide administration or hypotonic sodium
bicarbonate infusion [211 and hypothesized that this effect was
due to the relative impermeability of the TALH to bicarbonate.
Thus, our free-flow micropuncture findings are in agreement
with conclusions based on in vitro isolated tubule and indirect
clearance data that suggest the importance of the delivery of
sodium with chloride rather than with bicarbonate for net solute
reabsorption in the LS.
It seems unlikely that observed differences in chloride and
solute reabsorption in the LS result from alterations in transport
processes in the proximal straight tubule. In isolated perfusion
studies of this segment, the characteristics of solute transport
show many qualitative similarities to those in proximal convo-
luted tubules. These include dependence of a significant portion
of sodium reabsorption on a carbonic anhydrase-mediated
carbon dioxide hydration process, an increase in intraluminal
chloride concentration during fluid reabsorption, and the pref-
erential reabsorption of anions other than chloride, such as
acetate [221. Assuming that responses to sodium loading are
qualitatively similar in both segments, acute volume expansion
with either sodium chloride or sodium bicarbonate would likely
be associated with similar absolute and fractional fluid and
chloride reabsorption in the proximal straight tubules as have
been shown for the proximal convoluted tubule [12, 23].
We have previously shown that chloride is the ion species
that is primarily responsible for the inhibition of renin secretion
by acute or chronic sodium chloride loading [5, 24, 25]. Based
on these balance and clearance studies, we have advanced the
hypothesis that chloride transport at the macula densa or some
factor related to chloride transport in the TALH provides the
signal for renin release by the macula densa mechanism [5, 61:
greater chloride reabsorption in the TALH is associated with
suppression of renin release and vice versa. Our micropunclure
data are consistent with, but do not prove, that hypothesis.
Thus, in the absence of differences in arterial blood pressure,
degree of plasma volume expansion, experimental kidney or
single nephron GFR, and urinary sodium excretion between the
groups and in contrast to the effects of sodium chloride irifu-
sion, PRA increased after sodium bicarbonate infusion in
association with decreased absolute LS chloride reabsorption
and early distal tubule fluid chloride concentration and delivery
but with increased early distal tubule fluid osmolality. Whatev-
er the precise nature of the signal, which cannot be discerned
from these studies, the present data are consistent with the
hypothesis that delivery of chloride to the LS, as distinct from
that of sodium, importantly influences the macula densa mecha-
nism for renin release.
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